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terrace	habitat	 zone.	Wētā	showed	high	variability	 in	 the	consumption	of	 fruit	 and	
seeds	across	all	habitat	zones.	Generally,	we	did	not	observe	diet	differences	between	
the	sexes	(although	it	appears	that	male	wētā	in	the	mid-	hillslope	habitat	ate	fruits	and	






tems and food webs.
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1  | INTRODUCTION
Feeding	 is	ultimately	about	 securing	nutrients	 for	growth	and	 re-
production	 (Lee,	 Cory,	Wilson,	 Raubenheimer,	 &	 Simpson,	 2006;	
Simpson,	 Sibly,	 Lee,	 Behmer,	 &	 Raubenheimer,	 2004;	 Slansky	




2005;	 Schiff,	 Waldbauer,	 &	 Friedman,	 1988).	 Resources	 may	 be	
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used	disproportionately	 to	 their	 availability.	 In	 these	 scenarios,	 it	
benefits	animals	to	forage	selectively.	Leaf-	eating	generalists	there-
fore	feed	on	a	range	of	plant	species,	switching	species	during	and	
between	 individual	 bouts	 of	 foraging,	 in	 order	 to	maximize	 their	
nutrient	 intake,	while	 minimizing	 the	 consumption	 of	 toxic	 plant	
metabolites	 (Behmer,	 Simpson,	 &	 Raubenheimer,	 2002;	 Pulliam,	
1975;	 Rapport,	 1980;	 Raubenheimer,	 1992;	 Singer,	 Bernays,	 &	
Carriere,	2002).
Nitrogen	(N)	is	frequently	a	limiting	factor	for	animals	in	the	wild	
(Denno	&	 Fagan,	 2003;	 Lee-	Yaw	 et	al.,	 2016;	Nersesian,	 Banks,	 &	
McArthur,	2011;	Nersesian,	Banks,	Simpson,	&	McArthur,	2012),	in-
cluding	 herbivorous	Orthoptera	 (Joern	&	 Behmer,	 1997).	Multiple	
demographic	traits	such	as	growth	rate,	survival,	and	fecundity	are	
positively	associated	with	N	consumption	(Joern	&	Behmer,	1997),	
and	 many	 terrestrial	 arthropods	 have	 evolved	 foraging	 strategies	
that	enhance	nitrogen	intake,	such	as	feeding	on	invertebrates	that	
are	high	in	N-	rich	molecules	(e.g.,	Denno	&	Fagan,	2003).	The	con-
sumption	 of	 N-	rich	 food	 sources	 can	 also	 benefit	 animals	 by	 off-
setting	 the	 energetic	 cost	 of	metabolising	 toxic	 plant	metabolites,	
enabling	the	consumer	to	eat	more	leaf	materials	before	toxin	load-
ing	 forces	 them	 to	 stop	 eating,	 or	 switch	 plants	 (Nersesian	 et	al.,	
2011,	2012;	Raubenheimer,	1992;	Raubenheimer	&	Simpson,	1990).	
Nonetheless,	animals	may	also	be	limited	by	macronutrients	or	lipids	
that	 are	energy	 sources	 for	metabolism,	 growth	 and	 reproduction,	
as well as contributing to other functions such as cuticular water 
loss	(e.g.,	Beenakkers,	Van	der	Horst,	&	Van	Marrewijk,	1981).	Lipid	
limitation	 can	 result	 in	 predators	 consuming	 lipid-rich	 plant-	based	
foods,	 and	 feeding	 low	 in	 trophic	 food	webs	 (Wilder,	 Norris,	 Lee,	
Raubenheimer,	&	Simpson,	2013).	Experimental	studies	have	shown	
that	multiple	 groups	 of	 predatory	 and	 omnivorous	 arthropods	 are	




Anostostomatidae)	 are	 generalist	 insects	 that	 are	 widespread	 and	
abundant	 in	 lowland	podocarp	broadleaved	forests	of	New	Zealand,	
as	well	as	other	habitats.	However,	 little	 is	known	about	 their	 feed-
ing	ecology.	In	all,	there	are	seven	species	within	this	endemic	genus.	
Adults	are	large	(2–8	g;	Griffin,	2011),	and	long-	lived,	with	some	spe-
cies	 living	 for	 2–3	 breeding	 seasons	 after	 reaching	 sexual	maturity,	
which	may	take	over	a	year	(Leisnham,	Cameron,	&	Jemieson,	2003).	
Flightless	 and	 nocturnal,	 they	 are	 a	 favoured	 prey	 for	 native	 New	
Zealand	 birds	 (e.g.,	 ruru/morepork,	 Ninox novaeseelandiae	 Gmelin,	
1788;	kiwi,	Apteryx	spp.	Shaw,	1813;	kākā,	Nestor meridionalis	Gmelin,	
1788),	as	well	as	 introduced	mammalian	predators	such	as	ship	rats	





of	 a	 variety	 of	 native	 and	 non-	native	 plant	 species	 (Dewhurst,	
2012;	 Griffin,	 Morgan-	Richards,	 &	 Trewick,	 2011),	 but	 many	 as-
pects	 of	 their	 diet	 and	 foraging	 are	 not	 yet	 quantified,	 including	
the	 importance	of	omnivorous	feeding	to	gain	N-	rich	foods	 (Wehi,	
Raubenheimer,	 &	 Morgan-	Richards,	 2013).	 Tree	 wētā	 populations	
in	secondary	or	modified	 forests	have	been	estimated	to	consume	
between	 7.3	 and	 182.5	kg	 of	 leaf	 materials	 ha−1	year−1,	 at	 densi-
ties	 ranging	 from	180	 to	5,000	wētā/ha	 (Moller,	 1985;	Townsend,	







29 different plant species.
Tree	 wētā	 are	 also	 predators,	 although	 they	 are	 not	 obligate	
omnivores	(Griffin	et	al.,	2011).	Wētā	from	this	genus	in	the	subal-
pine	zone	(Hemideina maori	Pictet	and	Saussure,	1891)	are	known	
to	 prey	 on	 invertebrates	 (Lodge,	 2000;	 Wilson,	 2004;	 Wilson	 &	
Jamieson,	 2005)	 but	 may	 also	 potentially	 target	 lipid-	rich	 plants	
(Joyce,	 2002;	 Lodge,	 2000;	 Wilson,	 2004;	 Wilson	 &	 Jamieson,	












such as H. thoracica.
Tree	wētā	may	also	be	seed	dispersers:	one	50-	year-	old	record	
documents	 the	 widely	 distributed	 Auckland	 tree	 wētā	 H. thorac-
ica,	 browsing	 on	 kauri	 (Agathis australis)	 seed	 on	 the	 forest	 floor	
(Mirams,	1956).	Frugivory	has	been	recorded	in	captive	trials	with	
other	tree	wētā	species.	Duthie,	Gibbs,	and	Burns	(2006)	fed	fleshy	





The	 aim	 of	 this	 study	 was	 to	 investigate	 diet	 composition	 and	
breadth	in	wild	Auckland	tree	wētā	H. thoracica	(henceforth	“wētā”), in 
three	habitat	zones	across	an	environmental	gradient	within	a	native	
lowland	 podocarp	 broadleaved	 forest.	We	 assessed	 polyphagy	 and	
estimated the proportion of invertebrates as well as fruits and seeds 
in	 the	diet	 of	wētā	 to	 assess	degree	of	omnivory.	 Finally,	we	 asked	
whether H. thoracica	feed	preferentially	on	lipid-	rich	plant	sources	and	
asked whether the lipid concentration of plants affected the proba-
bility	that	wētā	chose	to	eat	those	plants,	after	accounting	for	plant	
availability.	Our	findings	provide	new	insights	on	the	foraging	ecology	
of H. thoracica in lowland forests.
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totara)	 in	 the	 Waingaro	 Forest	 Reserve	 (WFR),	 Tainui	 Ecological	



















cies	 in	each	plot,	 using	 six	 standard	 cover	 abundance	 classes	 (<1%,	











We	 carefully	 searched	 each	 plot	 for	H. thoracica,	which	we	 col-
lected	 from	 inside	dead	branches,	 fallen	 logs,	 and	 tree	 cavities.	We	









To	 identify	 the	 processed	 fecal	 fragments,	 we	 first	 constructed	 a	
photographic	reference	library	of	plant	fragments.	We	collected	leaf	
materials	 from	 plant	 species	 present	 in	 the	 recce	 plots,	 and	where	
available,	 flowers,	 fruits,	 and	 seeds.	 The	 slurry	 was	 spread	 onto	
standard glass microscope slides and stained with fuchsin gel follow-













We	 next	 compared	 counts	 of	 fecal	 fragments	 belonging	 to	 differ-















T 18 13 5 0 0 7.06
M 13 3 1 7 2 4.77
U 14 0 3 11 0 3.21
T,	terrace;	M,	mid-	hillslope;	U,	upper	hillslope;	Host	plants:	Ls,	Ligustrum 
sinense; Pt,	 Podocarpus totara; Ke,	 Kunzia ericoides; Dc,	 Dacrydium 
cupressinum.













control for our method.
Each	frass	pellet	was	 individually	processed	 in	the	same	manner	
as	the	plant	material	to	make	slides.	All	fragments	on	every	slide	were	
identified	 and	 counted.	 We	 grouped	 all	 frass	 fragments	 observed	
into	 three	diet	 categories:	plant	 species	 fragments	observed	 (where	
the	 total	 number	 of	 plant	 species	 observed	 is	 referred	 to	 as	 “diet	
breadth”);	fragments	derived	from	fruit	and	seeds;	and	invertebrates.	
Invertebrate	fragments	typically	included	bits	of	the	rigid	outer	layer	





the presence of each identifiable plant species from the frass pellet. 
We	calculated	the	percent	contribution	of	each	plant	species	to	the	
total	 number	 of	 fragments	 identified,	 for	 each	 frass	 pellet	 for	 each	
wētā.	To	expedite	counts,	 if	50	fragments	of	a	particular	taxon	were	
counted	in	a	single	slide,	those	fragments	would	cease	being	counted	
















ml	 Falcon	 tube	 containing	 8	ml	 of	 isopropanol	 heated	 to	 80°C	 and	






hydrous	 salt	 and	15	ml	of	water)	was	added	 to	each	sample,	which	
was	vigorously	shaken	before	placing	in	an	orbital	shaker	at	200	rpm	
for	 10	min.	 Samples	were	 centrifuged	 at	 3130	 rcf	 in	 an	 Eppendorf	
5810R	centrifuge	for	5	min.	The	top	layer	was	then	transferred	to	a	
pre-weighed	15-	ml	Falcon	tube,	using	a	funnel	lined	with	filter	paper	
to	 remove	 particulates.	 Hexane	 was	 evaporated	 using	 compressed	
air and gentle heat. The tube was weighed again to determine lipid 
content,	where	the	change	in	mass	is	the	amount	of	lipid	present	(ex-
















comparisons	 tests	 to	determine	which	habitat	 zones	were	different	
for	each	diet	category.




used	 the	 equation	 Ei	=	(ri	−	ni)/(ri + ni),	 where	 Ei	=	species	 electivity,	
ri	=	the	proportion	of	a	species	in	the	diet,	and	ni = the proportion of 




value,	 and	 hence	 potentially	 high	 preference.	 Confidence	 intervals	




















3.1 | Wētā frass and fecal fragments
Of	45	H. thoracica	held	 in	the	animal	house	facilities,	43	produced	
frass	over	the	4-	day	depuration	period.	The	two	wētā	that	did	not	
produce	 any	 frass	 were	 therefore	 excluded	 from	 the	 analyses.	 In	
total,	 the	 43	wētā	 produced	 121	 pellets.	We	 identified	 a	 total	 of	
49,952	 fragments	 from	plant	material	 in	 the	 frass,	 from	18	differ-
ent	plant	species	representing	13	families	 (Appendix	S3).	Six	addi-
tional	unique	leaf	tissue	types	were	documented,	but	could	not	be	
identified.	After	adjusting	 for	 the	number	of	pellets	produced,	 the	
mean number of plant species identified in frass cuticular fragments 
differed	 significantly	 between	 habitat	 zones	 (n	=	43,	 χ2	=	14.708,	
df	=	2,	p	<	.001).	However,	there	was	considerable	variance	between	
individuals	(Figure	2a).	We	did	not	observe	a	significant	difference	
between average breadth of plant species eaten for the terrace and 
mid-	hillslope	groups.	We	estimate	the	average	breadth	of	plant	spe-
cies	eaten	of	the	mid-	hillslope	group	to	be	0.83	times	the	average	
breadth	 of	 the	 terrace	 group	 (95%	 confidence	 interval	 0.57–1.22	
times,	p	=	.4989,	 using	Tukey’s	method	 for	multiple	 comparisons).	
The difference in average breadth for plant species eaten between 
the	upper	hillslope	and	mid-	hillslope	groups	was	also	not	significant.	
We	estimate	the	upper	hillslope	group	has	an	average	breadth	0.66	
times	 the	 average	 breadth	 of	 the	mid-	hillslope	 group	 (95%	 confi-
dence	 interval	 0.43–1.01	 times,	 p	=	.0599).	 The	 upper	 hillslope	
group	 had	 a	 significantly	 lower	 average	 breadth	 of	 plant	 species	
eaten	than	the	terrace	group.	We	estimate	the	upper	hillslope	group	





dividuals	had	no	 invertebrate	fragments	 identified	 in	their	 frass.	We	
detected a significant difference in the mean number of invertebrate 
fragments	 per	 pellet	 by	 habitat	 (n	=	43,	 χ2	=	8.907,	 df	=	2,	 p	=	.012,	
corrected	 for	 overdispersion).	 The	 upper	 hillslope	 group	 had	 a	 sig-
nificantly	 higher	mean	 number	 of	 invertebrate	 fragments	 per	 pellet	
than	 the	 terrace	 group.	We	 estimate	 the	 upper	 hillslope	 group	 has	
a	mean	number	of	 invertebrate	 fragments	per	pellet	4.10	 times	 the	
mean number of invertebrate fragments per pellet of the terrace group 
(95%	 confidence	 interval	 1.18–14.27	 times,	 p	=	.022,	 using	 Tukey’s	
method	for	multiple	comparisons).	In	contrast,	there	were	no	apparent	
differences between the average number of invertebrate fragments 
per	 pellet	 for	 the	mid-	hillslope	 and	 terrace	 groups	 (estimate	=	1.63	




capture	 (Appendix	S3),	based	on	observations	of	 the	 total	 frass,	 and	
fruit	and	seeds	constituted	18.45%	of	all	 identified	fragments.	There	
was nevertheless a large variance in the number of fruit and seed frag-
ments	observed	in	the	frass	of	individual	wētā	(Figure	2c).	For	example,	
three	males	 in	 the	mid-	slope	 habitat	 ate	 fruit	 and	 seeds	voraciously	
and	produced	large	quantities	of	these	fragments.	When	we	compared	
wētā	from	the	three	habitat	zones,	we	did	not	detect	any	significant	





more	 than	 expected,	 were	 Hymenophyllum flabellatum	 (0.87, upper 
hillslope	 [U]),	D. dacrydioides	 (0.52,	 terrace	 [T]), Pennantia corymbosa 
(0.3,	T),	and	Carpodetus serratus	(0.4,	U;	Appendix	S1).	Three	taxa	were	
eaten	more	than	expected	 in	two	habitat	zones:	P. totara	 (0.34	mid-	





preferred	 group	 (K. ericoides,	D. dacrydioides, and P. totara)	 had	 solu-
ble	lipid	concentrations	that	were	comparable	to,	or	greater	than,	the	
highest-	ranking	plant	 in	 the	noneaten	group	 (Cyathea dealbata).	The	
change	in	deviance	of	the	models	with	and	without	the	electivity	term	
was	significantly	different	from	zero	(χ2	=	4.494,	df	=	1,	p	=	.034),	sug-
gesting a significant difference in mean lipid concentrations between 
the	high	and	low	electivity	groups.	A	95%	profile	confidence	interval	




difference between a model that allowed for interactions between the 
habitat	zones	and	each	of	the	mean	lipid	concentration	of	a	plant	spe-
cies	and	the	percentage	ground	cover	of	the	plant	species	in	each	zone	




plant	 (t	=	2.099,	df	=	31,	p	=	.044,	 95%	 confidence	 interval	 for	mul-





Agrawal,	2012).	In	this	study,	the	data	show	that	H. thoracica consumes 
leaves,	 fruits,	and	seeds	 from	a	variety	of	native	plants,	 representing	
6  |     BROWN et al.








mean number of plant species present in the frass of upper hillslope 
H. thoracica	was	 significantly	 less	 than	 terrace	H. thoracica,	 indicating	
that	diet	breadth	can	vary	with	habitat,	but	further	data	are	required	to	
explore	both	prey	invertebrate	and	habitat	patterns.











age	 of	 their	 nitrogen	 needs	 by	 eating	 other	 insects	 (e.g.,	Denno	&	
Fagan,	2003).	If	this	applies	to	tree	wētā,	it	could	explain	Dewhurst’s	
(2012)	finding	that	leaf	N	concentration	did	not	predict	plant	forag-




invertebrate	 abundance	 in	 the	 habitat	 zones,	 but	 both	 the	 terrace	
and	 mid-	hillslope	 habitat	 zones	 have	 a	 diverse	 shrub	 vegetation,	
whereas	the	upper	hillslope	has	little	ground	cover	in	many	areas.
The data indicate that H. thoracica discriminate between avail-
able	 food	 sources	 and	 are	 selective	 foragers	 (Appendix	 S1)	 and	
that	 lipid-	rich	 plants	 tend	 to	 be	 consumed	 more	 frequently	 than	
predicted.	We	found	that	the	plants	that	scored	neutral	to	positive	
electivity	rankings	on	Ivlev’s	Electivity	Index	had	a	higher	mean	con-
centration of lipids in their leaves than other available plants that 
scored	strongly	negative	electivity	rankings	(Figure	3).	The	preferred	
group	 had	 an	 average	 hexane-	soluble	 lipid	 concentration	 some-
where	between	0.07	 and	1.57	mg/g	higher	 than	 the	nonpreferred	
group,	with	95%	confidence.	In	a	closely	related	subalpine	species,	
H. maori,	plant	species	with	higher	concentrations	of	 lipids	 in	 their	
leaves	were	 eaten	more	 frequently	 than	 other	 plants	 in	 the	 same	
area	of	the	Rock	and	Pillar	ranges	(Joyce,	2002;	Lodge,	2000;	Wilson,	
2004).	Data	 that	 specifically	 include	analyses	of	distance	 travelled	







clude D. dacrydioides, P. totara,	K. ericoides, and Melicytus	sp.,	which	all	
show	positive	electivity,	 in	multiple	 locations.	However,	H. thoracica 
also	utilizes	other	species	in	environments	with	different	floral	com-
munities.	For	example,	on	the	terrace	where	K. ericoides	is	not	present,	
H. thoracica	utilized	P. corymbosa. Pennantia corymbosa is in turn not 
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(which	 is	not	available	 to	either	 the	 terrace	or	mid-	hillslope	popula-
tions).	H. thoracica	 can	 therefore	 utilize	 the	 same	 food	 sources	 in	 a	
range	of	habitats,	but	they	can	also	exploit	new	species	they	encoun-
ter in the absence of these species.
Hemideina thoracica demonstrated both positive preference and 
aversion	toward	plant	species	in	the	habitat.	For	example,	K. ericoides 
showed	high	electivity	 in	both	of	the	habitats	where	 it	was	present,	
and D. dacrydioides and Melicytus	sp.	showed	high	electivity	in	two	of	
the	 three	 habitats	where	 they	were	 present.	 In	 comparison,	 the	 in-







giosperms	such	as	grasses,	Beilschmiedia tawa, Litsea calicaris, Myrsine 
australis,	 Metrosideros diffusa,	 and	 Geniostoma ligustrifolium.	 For	 ex-
ample,	the	introduced	grass	Microstegium vimineum and the clubmoss 
















the composition of the leaves available there.
Our	findings	support	the	hypothesis	that	H. thoracica forage selec-
tively	 in	the	wild	and	that	 lipid	concentration	may	contribute	to	this	
selectivity.	 However,	 although	H. thoracica	 favoured	 some	 lipid-	rich	
plant	species,	some	common	plants	which	had	relatively	high	lipid	con-
centrations,	 such	 as	D. cupressinum and C. dealbata,	were	not	 found	
in	 frass.	 It	 is	 likely	 that	 other	 factors	 not	 measured	 here	 influence	
food	choices.	For	example,	toxic	plant	secondary	metabolites	(PSMs)	




Biomechanical	 properties	 of	 leaves	 and	 other	 plant	 tissues	may	
also	be	important	in	food	source	selection	for	generalists.	Leaf	struc-
tural	 defences	 are	 a	 critical	 biomechanical	 barrier	 for	 leaf-	chewing	











understand preferences for lipid and nitrogen content preferences 
in plant material. Hemideina thoracica individuals forage in a nutri-
tionally	heterogeneous	environment	and	experience	a	wide	variety	
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of	nutrients	and	secondary	metabolites	in	the	plants	they	encounter.	
Further	 field	 studies	 still	 need	 to	be	performed	on	 this	 and	other	
species	of	tree	wētā,	 in	conjunction	with	controlled	 laboratory	ex-
periments,	 in	order	to	gain	a	greater	understanding	of	the	roles	of	
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